Ceramide glycanase (CGase) is an enzyme that cleaves the linkage between the sugar chain and the ceramide. To make this enzyme readily available, we have developed a simple method for preparing it from the earthworm, Lumbricus terrestris. The method involves Bio-Gel A-0.5m, octyl-Sepharose and p-aminophenylthiogalactoside-agarose column chromatography. By gel filtration, the molecular mass of earthworm CGase was found to be 43.7 kDa. With ganglioside GMl as substrate, the optimal pH of this enzyme was found to be between pH 3.5 and 4.0. Earthworm CGase hydrolyses glycolipids only in the presence of a detergent. Among various bile salts tested, sodium cholate was found to be the most effective in stimulating the hydrolysis of GMl by this enzyme. Earthworm CGase released intact glycan chains from various glycosphingolipids in which the glycan chain is linked to the ceramide through a /?-glucosyl linkage. It also detached glycan chains from lactosyldialkylglycerol and alkyl-/J-lactosides.
INTRODUCTION
Ceramide glycanase (CGase) is an enzyme that cleaves the linkage between the ceramide and the glycan chain in various glycosphingolipids. This enzyme has been found in leeches [1] , Rhodococcus sp. [2] and earthworms [3] , and has been extensively purified from the first two sources [4, 5] . As this enzyme has been shown to be very useful for the structural elucidation of glycosphingolipids [6, 7] , it is important to make it readily available. In this paper, we describe a simple method for the isolation of CGase from the earthworm, Lumbricus terrestris.
EXPERIMENTAL

Materials
Earthworms (L. terrestris) were purchased from Millbrook Cricket Farm, Jackson, MS, U.S.A. They were gutted and stored at -60°C until use. The following glycosphingolipids were isolated in our laboratory: GbOse5Cer from dog intestine [8] ; GbOse4Cer and GbOse3Cer from human erythrocytes [9] ; GM2 from Tay-Sachs brain [10] ; GM4 from chicken egg yolk [11] ; DiGalCer from the kidney of a patient with Fabry's disease [12] .
GgOse4Cer and GgOse3Cer were prepared from GM1 and GM2 respectively by formic acid hydrolysis [13] . The following compounds were generously given: n-butyl-,l-lactoside, n-octyl-/-lactoside, myristoyl-,/-lactoside, stearoyl-,3-lactoside and phytyl-,f-lactoside from Dr. R. T. C. Huang, Institut fur Molekularbiologie und Biochemie, Freie Universitat, Berlin 33, Germany; lactosyldialkylglycerol [14] from Dr. H. Jarrell, National Research Council of Canada, Ottawa, Ontario, Canada; nLcOse4Cer and LcOse3Cer, from Dr. S. Basu, University of Notre Dame, Notre Dame, IN, U.S.A. The following materials were purchased from commercial sources: GM3I GMl, GT1b, GlcCer, GalCer and sphingomyelin from Supelco (Bellefonte, PA, U.S.A.); GDla from Biocarb Chemicals, Lund, Sweden; OTE-,f-lactoside, CETE-fl-lactoside and Triton X-100, from Pierce Chemical Co.; octyl-Sepharose from Pharmacia; p-nitrophenylglycosides, 4-methylumbelliferyl-NeuAc, methyl-,/-lactoside, ethyl-fl-lactoside, n-propyl-fl-lactoside, benzyl-fi-lactoside, ceramide type III (mainly non-hydroxy fatty acids), sodium cholate, sodium deoxycholate, octyl-,J-glucoside and PAP-SGal-agarose, from Sigma; sodium taurodeoxycholate, sodium taurodehydrocholate, sodium taurolithocholate, sodium taurocholate and sodium taurochenodeoxycholate, from Calbiochem; Rotofor cell isoelectrofocusing unit and Bio-Gel A-0.5m, from Bio-Rad; Silica-gel-60-precoated plates from Merck, Darmstadt, Germany.
Assay of earthworm CGase activity
The incubation mixture contained the following components in 200 u1 of 50 mM-sodium acetate buffer, pH 4.0: glycolipid substrate, 30 nmol; sodium cholate, 200 jig; an appropriate amount of earthworm CGase. After incubation at 37°C for a preset time, the reaction was terminated by adding 5 vol. of chloroform/methanol (2: 1, v/v). The mixture was vortex-mixed and centrifuged at 700 g for 10 min to form the organic phase (lower) and the aqueous phase (upper). When glycosphingolipids were used as substrates, the organic phase which contained the released ceramide was evaporated to dryness and analysed by t.l.c. using chloroform/methanol (9:1, v/v) , as the developing solvent [1] . The ceramide was detected by staining the plate with Coomassie Brilliant Blue [15] . GMl was used as substrate for routine assay and for examining the properties of earthworm CGase. One unit is defined as the amount of enzyme that releases 1 nmol of ceramide from GML/min at 37°C [4] . The specific activity is expressed as units/mg of protein. Protein concentrations were determined by the method of Lowry et al. [16] with BSA as standard. When synthetic /J-lactosides were used as substrates, the aqueous phase which contained the released oligosaccharides was dried and analysed by t.l.c. with butan-lol/acetic acid/water (2: 1: 1, by vol.) as the developing solvent [17] . The oligosaccharides were revealed by diphenylamine spray [18] . For quantitative determination of ceramide and oligoAbbreviations used: CGase, ceramide glycanase; GgOse4Cer, gangliotetraosylceramide; GMl II3aNeuAc-GgOse4Cer; GD1a, II3ccNeuAc,-IV3aNeuAc-GgOse4Cer; GTlIb, II3a(NeuAc)2,IV3aNeuAc-GgOse4Cer; GgOse3Cer, gangliotriaosylceramide; GM2, II3NeuAc-GgOse3Cer; GbOse5Cer, globopentaosylceramide; GbOse4Cer, globotetraosylceramide; GbOse3Cer, globotriaosylceramide; nLcOse4Cer, neolactotetraosylceramide; LcOse3Cer, lactotriaosylceramide; LacCer, lactosylceramide; GM3 IIcNeuAc-LacCer; GlcCer, glucosylceramide; DiGalCer, galactobiosylceramide; GalCer, galactosylceramide; GM4, I3caNeuAc-GalCer; OTE, 2-(octadecylthio)ethyl; CETE, 2-(2-carbomethoxyethylthio)ethyl; lactosyldialkylglycerol, saccharides on the t.l.c. plates, the plates were scanned by using a Shimadzu CS-930 t.l.c. scanner as described by Ando et al. [19] .
Gutted earthworms, 660 g derived from 1210 pieces of earthworm, were homogenized with 5 vol. of distilled water in a Waring blender at 20 s intervals for 1 min and centrifuged to obtain a creamy water extract. To this solution, protamine sulphate (2 g/100 ml of water) was added dropwise to give a concentration of 0.7 mg/ml. The precipitate was removed by centrifugation and the clear supernatant was adjusted to 60% saturation with solid (NH4)2SO4 (390 g/l). After standing for 3 h, the precipitate was collected by centrifugation and dissolved in 130 ml of 50 mM-sodium phosphate buffer, pH 7.0, and designated as crude earthworm CGase. This preparation was divided into four portions, and each was fractionated on a Bio-Gel A-0.5m column (5 cm x 85 cm) equilibrated with 50 mM-sodium phosphate buffer, pH 7.0. The column was eluted with the same buffer at 53 ml/h, and 18 ml fractions were collected. The fractions containing CGase (Fig. 1 , fractions 72-84 as indicated by the black bar) were pooled and precipitated by adding solid (NH4)2SO4 to 70% saturation (472 g/l). After standing overnight, the precipitate was harvested by centrifugation. The precipitates collected from four runs were pooled and dissolved in 55 ml of 50 mM-sodium phosphate buffer, pH 7.0. This solution was then divided into two portions (1028 mg of protein each) and separately applied to an octyl-Sepharose column (2.5 cm x 18 cm) equilibrated with 50 mM-sodium phosphate buffer, pH 7.0. After the column had been washed with the same buffer to remove the unadsorbed proteins, CGase was eluted with water ( Fig. 2) . The active fractions (as indicated in Fig. 2 by the horizontal bar) from the two batches were pooled and concentrated by ultrafiltration to 5 ml. The CGase obtained from the octyl-Sepharose column was mixed with an equal volume of 100 mM-sodium phosphate buffer, pH 8.0, and further concentrated by ultrafiltration to 3 ml. This preparation was divided into two portions and separately applied to a PAP-S-Gal-agarose column (1 cm x 15 cm) equilibrated with 50 mM-sodium phosphate buffer, pH 8.0, and the column was eluted with the same buffer; 0.8 ml fractions were collected. The CGase activity was recovered in the tail portion of the unadsorbed fraction (Fig. 3) , and the active fractions (fractions 18-28 and 29-60 indicated by black bars in Fig. 3) were concentrated separately by ultrafiltration to obtain the enzyme preparations designated as PAP-S-Galagarose I and II respectively. The adsorbed ,-galactosidase was eluted from the column with 50 mM-sodium acetate buffer, pH 4.0. [20] . Exoglycosidases were assayed with p-nitrophenylglycosides [21] and 4-methylumbelliferyl-NeuAc [22] as substrates. Sphingomyelinase activity was assayed by the same method as was used for assaying the CGase activity, except that the glycosphingolipid was replaced by sphingomyelin. The isoelectric point of earthworm CGase was determined by isoelectrofocusing using a Rotofor cell isoelectrofocusing unit [23] . The purity of earthworm CGase preparations was examined by PAGE using [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] % gradient gels under non-denaturing conditions with Coomassie Blue stain [15] . Purification 
RESULTS AND DISCUSSION
Purification of earthworm CGase
The main emphasis of this work is to devise a simple method for the isolation of CGase from the earthworm. By following the simple purification scheme described in the Experimental section, we were able to isolate a highly purified earthworm CGase free from exoglycosidases. The enzyme was enriched 1124-fold, with 26% recovery in the PAP-S-Gal-agarose II fraction ( from CGase, but also greatly increased the purity of the enzyme (from 9-fold to 260-fold). As shown in Fig. 2 , CGase was detached from the octyl-Sepharose by elution with water. In contrast, leech CGase was not eluted from an identical column by water. Only by using octyl-glucoside could we remove the leech enzyme from the octyl-Sepharose column [4] . Although the CGase obtained from this step was suitable for releasing intact glycan chains from various glycosphingolipids, this preparation still contained some f,-galactosidase activity. Gel filtration, ionexchange chromatography and isoelectrofocusing all failed to remove this contaminant. Only PAP-S-Gal-agarose affinity chromatography could remove ,3-galactosidase from CGase. In this step, fi-galactosidase was retained by the column, whereas CGase was eluted behind the unadsorbed protein peak (Fig. 3) . The final preparation of earthworm CGase (PAP-S-Gal-agarose II) gave three protein bands when examined by native PAGE. CGase activity was found to be associated with only one of these protein bands.
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t Data taken from ref. [4] .
General properties of earthworm CGase Incubation of 0.6 unit of the purified enzyme with various pnitrophenylglycosides, glycolipids and 4-methylumbelliferylNeuAc at 37°C for 16 h failed to detect any exoglycosidase activities, such as a.-and fl-glucosidases, a-and ,l-galactosidases, a-and ,-mannosidases, ac-N-acetylglucosaminidase, a-N-acetylgalactosaminidase, cX-L-fucosidase and neuraminidase. Although 0.36 munit of fl-hexosaminidase was detected under these conditions with p-nitrophenyl ,-GlcNAc as substrate, this amount of,J-hexosaminidase did not alter the released intact glycan chain from GbOse4Cer. The purified enzyme was also free of sphingomyelinase and proteinase activities as determined with sphingomyelin (see the Experimental section) and Azocoll [20] respectively as substrates.
As measured by Bio-Gel A-0.Sm gel filtration, earthworm CGase was found to have a molecular mass of 43.7 kDa, which is much smaller than that ofthe leech enzyme (330 kDa) estimated under the same conditions [4] . Earthworm CGase appears to' be hydrophobic in nature, for it can bind to octyl-Sepharose. It seems to be less hydrophobic than leech CGase, since it was eluted from the octyl-Sepharose column by water, not by 1 % octylglucoside as in the case of leech CGase [4] . With GML as substrate, earthworm CGase was found to be stable between pH 3.5 and 8.5. The pl of earthworm CGase was determined to be between pH 4.6 and 5.2, which is similar to that of the leech enzyme (pH 4.7-4.9) [4] . The optimal pH of the enzyme was found to be between pH 3.5 and 4.0, which is significantly more acidic than the optimal pH of the leech enzyme. As shown in Fig.  4 , the leech enzyme exhibits the highest activity at pH 5.0, whereas at this pH the activity of the earthworm enzyme is less than 50 % of that at pH 4.0.
The effect of metal ions on earthworm CGase was studied and the results compared with those of leech CGase. Similarly to the leech enzyme, I mM-Hg2+ almost completely abolished earthworm CGase activity. Ba2+, Ca2+, Co2+, Mg2+ and Mn2+ at 5 mm did not affect its activity appreciably. Earthworm CGase was found to be more resistant to inhibition by Zn2+, Cu21 and Ag+ than the leech enzyme. Whereas Zn2+ at 5 mm did not have much effect on earthworm CGase, it inhibited 60% of leech CGase activity [4] . In the presence of 1 mM-Cu2+ or -Ag+, earthworm CGase retained about 85 % of activity, whereas leech CGase lost more than 60 % of its activity [4] . On increasing the concentration of Cu2+ and Ag+ to 5 mm, the concentration that completely inactivated leech CGase [4] , earthworm CGase still retained 47 % and 20 % of its activity respectively.
Similarly to leech CGase, a detergent is required for earthworm CGase to carry out hydrolysis of glycolipids. Of various bile salts tested, sodium cholate was most effective in stimulating hydrosis of GMi by both earthworm and leech CGase. When GMl was used as substrate, the optimal concentration of sodium cholate was determined to be 1.0-1.5,g//zl for earthworm CGase. At a concentration of 1.0 ,ug/,l, the next most effective bile salt for the earthworm enzyme was sodium deoxycholate which, however, had only very slight stimulatory activity toward leech CGase [4] . Surprisingly, sodium taurodeoxycholate (1 ,ug/,u1), the second most effective stimulator of the leech enzyme, had no stimulatory effect on the earthworm enzyme. Triton X-100 at 0.2% was about 80% as effective as sodium cholate in stimulating the hydrolysis of GML by earthworm CGase.
Hydrolysis of various glycosphingolipids by earthworm CGase
Similarly to leech CGase, earthworm CGase released intact glycan chains from various glycosphingolipids in which the glycan chain is linked to the ceramide through a fl-glucosyl linkage. DiGalCer, GM4 GalCer and GlcCer were not hydrolysed. When analysed by a double-reciprocal plot [24] under standard conditions with GMl as substrate, the Km for earthworm CGase was found to be 16.7,UM, which is comparable with that of leech CGase (15.4,UM) [4] . This indicates that the two CGases have a similar affinity for GMl. Table 2 summarizes the substrate specificity of earthworm CGase. The specificity of the leech enzyme [4] is also included for comparison. The results show that the globo series of glycosphingolipids are slightly better substrates for leech CGase than for earthworm CGase, whereas the neolacto series of glycosphingolipids are better substrates for the earthworm enzyme than the leech enzyme. Of all the glycosphingolipids tested, the ganglio series appear to be the best substrates for both enzymes. However, there is an interesting difference between these two enzymes in the hydrolysis of gangliosides that have the same oligosaccharide backbone but differ in the number of sialic acid residues. As shown in Although there are some minor differences in general properties and substrate specificity between earthworm CGase and leech CGase, they catalyse similar reactions. Owing to the ability of both enzymes to hydrolyse not only glycosphingolipids but also alkyl-lactosides and lactosyldialkylglycerol, CGase should be regarded as a glycolipid glycanase or a glycolipid glycandetaching enzyme [25] . It should be pointed out that the lipid moiety of a glycolipid greatly affects the rate of its hydrolysis by CGase. Thus the same glycosphingolipid isolated from different sources may be hydrolysed by CGase at different rates because of the heterogeneity in the ceramide moiety.
Comparing the starting material of leeches and gutted earthworms, the specific activity of leech CGase was about five times that of earthworm CGase. As earthworms are widely distributed in nature and much more readily available than leeches, CGase suitable for structural analysis ofglycolipids can easily be isolated from earthworms by the procedures developed in this study.
